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Abstract 

V 

To  prevent  lithium  dendrite  growth  during  cycling  of  Li  electrodes 
in  molten  LiClO^  at  140®C,  a  Li-Al  electrode  in  cells  of  the  type 
Li/LiC 1 O3 /L i A1  has  been  investigated.  Two  discharge  plateaus,  one 
about  0.42  V  and  the  other  about  0.20  V  versus  lithium  wire,  were 
obtained.  No  lithium  dentrites  were  observed.  Continued  cycling 
caused  the  lithium-aluminum  electrode  to  breakdown  to  particles  or 
grains.  The  corrosion  of  isolated  A1  grains  during  operation  of  a 
Li-Al  electrode  was  confirmed  using  atomic  absorption  spectrophotometer 
(AA)  analysis  on  a  white  precipitate  formed  where  the  alloy  electrode 
had  been. 
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Introduction 


A  battery  system  using  a  lithium  negative  electrode,  an  electrolyte 
of  molten  lithium  chlorate,  and  an  inert  nickel  positive  electrode 
has  been  identified  (1).  In  this  study,  the  investigation  was  focused 
on  using  a  lithium  alloy  electrode  to  stop  lithium  cer.drite  formation 
during  lithium  deposition.  In  tne  operating  temperture,  140°C  to 
1503C,  lithium  metal  is  solid.  A  film  exists  on  tne  lithium  surface 
which  prevents  the  lithium  from  contacting  the  electrolytic  solution 
directly.  During  charging,  lithium  ions  transfer  through  the  film. 
The  lithium  ion  transfer  rates  are  different  in  various  places  on 
the  film,  apparently  due  to  nonuniform  thickness  of  and  cracks  in 
the  film.  The  favored  lithium  deposition  sites  appear  to  be  the  cause 
of  dendrite  initiation.  An  approach  to  stoping  dendrites  is  to  reduce 
the  activity  of  the  deposited  lithium  by  alloying  with  aluminum  and 
causing  the  lithium  to  diffuse  into  the  base  materia’  2,  3,  4. 


Experimental 

L i C 1 0 ^  was  prepared  from  BatClOj^  and  L^SO^  as  described 
by  Campbell  and  Griffiths  (5).  After  dehydration  in  an  argon  atmosphere 
glove  box  at  50  pm  Hg  pressure  for  four  weeks  at  130°C,  the  water 
content  in  L iC 103  was  reduced  to  less  than  0.5%.  The  final  melting 
point  of  L i C 1 0 3  was  between  126° C  and  128CC. 

Aluminum  foil,  99.999%  pure,  0.005  inch  thick,  was  purchased 
from  Research  Organic/Inorganic  Chemical  Corporation.  It  was  used 
for  preparing  Li-Al  working  electrodes.  Nickel  screen,  16  mesh,  0.012 
inch  wire  diameter,  was  used  as  the  current  collector  of  the  working 
electrode.  Litnium  ribbon  used  for  both  the  counter  and  the  reference 
electrodes  was  purchased  from  the  Foote  Mineral  Company.  Nickel  sheet 
was  used  as  the  backing  material  for  the  counter  electrodes.  Titantium 
foil  was  used  as  lead  material  for  the  reference  electrode. 

A  glass  pocket  cell  is  shown  in  Fig.  1.  The  alloy  working 
electrode  and  the  lithium  counter  electrode  were  held  in  their  respective 
compartments,  one  inch  depth,  3/16  inch  and  1/16  inch  width  respectively. 
The  two  compartments  contain  1.72  cm3  and  0.57  cm3  molten  electrolyte 
respectively.  The  reference  electrode  was  a  lithium  wire.  A  glass 
rotating  disk  cell,  shown  in  Fig.  2,  was  used  to  conduct  the  polarization 
experiments.  The  Li  counter  electrode  and  the  Li  reference  electrode 
were  held  in  the  two  glass  tube  arms  of  the  cell.  The  aluminum  rotating 
disk  was  made  of  a  0.3175  cm  (1/8  inch)  aluminum  rod,  with  a  glass 
tape  sleeve.  All  experiments  were  run  inside  an  argon  atmosphere 
glove  box.  A  Perkin  Elmer  606  AA  spectrophotometer  was  used  to  analyze 
the  white  precipitate  formed  on  the  surface  of  the  alloy  electrode. 
Further  details  are  given  elsewnere  (6). 


The  alloy  electrode  used  in  cycle  tests  was  initially  an  al  train  uni 
foil,  0.05  inch  thickness,  1.62  cm  x  1.62  cm  area,  held  by  two  layers 
of  nickel  screen,  one  with  a  7  cm  long  nickel  wire  as  an  electrode 
lead.  The  pure  aluminum  electrodes  were  alloyed  el  ectrochemically 
with  lithium.  Lithium-aluminum  alloy  electrodes  of  four  different 
lithium  contents  were  prepared  ( A-305S,  8-34%,  C- 51 . 1%,  and  D -61.9/S 
lithium  on  a  molar  basis)  by  cathodically  charging  lithium  into  the 
aluminum  electrode.  The  current  density  for  most  of  the  forming  was 
7.63  mA/cm^.  The  potential  between  the  Li-Al  working  electrode  and 
the  lithium  reference  electrode  was  measured  as  a  function  of  time 
at  constant  current. 

Results  and  Discussion 

The  equilibrium  emf  values  of  the  el ectrochemical ly  formed 
li th ium- ai uminum  alloy  electrodes  (vs.  Li°/Li+)  in  molten  lithium 
chlorate  electrolyte  are  given  in  Fig.  3  as  a  function  of  alloy  composition 
(in  atom  percent  lithium). 

Electrode  C,  51.1%  Li,  was  studied  first.  During  cycling, 
600  microequivalents  per  half  cycle,  the  alloy  working  electrode  was 
electrically  grounded  and  the  current  density  was  7.63  mA/cm^.  A 
charge  plateau  between  0.31  V  and  0.33  V  was  observed.  A  discharge 
plateau  between  0.37  V  and  0.41  V  was  obtained.  After  350  microequivalents 
charged  out  of  the  8th  discharge,  the  potential  rose  rapidly  to  more 
than  2  V.  The  electrode  had  failed.  A  typical  cycle  is  shown  in 
Fig.  4.  Electrode  C  with  51.1%  Li  is  just  into  the  £  phase  region; 
therefore,  both  the  charge  and  discharge  potential  are  within  the 
ct  +  3  phase  potential.  At  failure,  the  discharge  potential  rose  above 
the  potential  of  the  ci  +  6  phase  indicating  that  the  lithium  content 
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in  the  Li-Al  alloy  was  below  8.5% 


Cycling  tests  for  a  type  D  electrode;  61.9%  Li,  showed  two 
plateaus  during  charge  and  discharge  (Figure  5  and  5).  The  two  plateaus 
imply  that  the  lithium-aluminum  alloy  is  in  the  a  +  6  phase  or  3  + 
Y  phase.  The  initial  discharge  curve  at  about  0.2  V  is  characteristic 
of  the  3  +  Y  phase.  As  cycling  progressed,  lithium  was  lose  dua  to 
corrosion  and  the  composition  began  switching  from  3  +y  to  a  +  5 
phase  as  shown  by  the  5th  discharge  cycle  in  Figure  5.  By  the  8th 
discharge,  a  large  part  of  the  cycle  was  in  the  a  +  3  region  characterized 
by  a  plateau  near  0.4  V.  Similar  characteristics  are  demons trated 
in  Figure  5  for  charging,  only  the  curves  are  shifted  a  little  more 
negative  due  to  overpotential.  The  2nd  charging  curve  is  mainly  at 
0.5  V  characteristic  of  the  3+  Y  phase  between  60  and  53  atom  percent 
lithium.  The  6th  charging  cycle  is  in  between.  But  by  the  9th  charge 
curve  much  of  the  charging  is  at  0.3  V  characteristic  of  the  a  +  5 
phase  between  8.5  and  50  mol  percent  lithium.  Only  near  the  end  of 
the  charge  was  the  composition  approaching  the  S  +y  composition  at 
the  alloy  surface.  By  the  9th  cycle,  most  of  the  excess  lithium  initially 
charged  in  was  corroded  away.  The  length  of  time  required  to  reach 
equilibrium  was  longer  after  charging  than  discharging.  This  result 
indicates  that  the  surface  composition  of  Li  stabalizes  faster  following 
discharging  compared  to  charging. 

As  shown  in  Tables  i  and  2,  the  amount  of  lithium  in  the  forming 
half  cycle  and  the  depth  of  discharge  are  the  main  factors  which  influence 
the  "life"  of  a  lithium-aluminum  electrode.  Deep  cycles  cause  more 
rapid  break  up  of  the  alloy  into  small  grains  and  increased  corrosion 
of  both  the  Li  and  A1  by  LiClO^. 
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Figure  5.  Gal va nostatic  discharge  curves  for 
61.0  a/o  Li),  600  niicrooguivalents 
discharges,  i-7.63  niA/ctn*. 


vanostatic  charge  curves  for  the  cell  Li/LiClOy l.iAl  (Electrode  D,  61.9  a. 
I  microequivalents  per  ha  1  f  cycle,  2nd,  6th,  and  9th  charges,  i-7.63  iiiA/cm' 


Table 


Cycling  "casts  for  electrodes  5 ,  C,  and  D 


with  200  micr 

cequivaients 

per  half 

cycle . 

Li  atomic  content  in 
Li-Al  alleys  after 
initial  forming  half 
cycle.  (a/o  Li) 

electrode 

t 

34 .0  a/o 
a  phase 

electrode 

^  t 

»  *  * 

3?' prase 

electrode 
D, 
c- .  9 

^-yphase 

Initial  Tcming 
charge  sice 
( micr oequi valent s) 

1667 

3260 

5413 

Capacity  used  for 
each  charge  and  dis- 
charge  half  cycle 
(nucrce c u iVa-sc  ^ c  , 

200 

200 

20  0 

y',  of  discharge  depth, 
i.e.,  200  nicrcequiva- 
rents  divined  oy 
initial  forming  charge 
sice 

1 2 . CjS 

0  •  -/* 

1. 7;- 

Total  amount  of 
charge  in 
(microequivalents ) 

2673 

5406 

17613 

Total  amount  of 
charge  out 
(microequivalents ) 

H34 

5124 

12L3S 

Total  amount  of 
charge  out  divided  by 

total  amount  of  42 .56^  60 .96?,  69.857, 

charge  in  Times  iCC;/5 


The  number  of  full 
cycles 


c* 


C'-r 


*  . 


The  Li-Al  electrode 
microequivalents  in 


could  not  charge  out  200 
the  6th  discharge  half  cyc*e. 
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Table  2.  Cycling  tests  for  electrode  D 
various  depth  per  half  cycle. 


Li  atonic  content  in  electrcde 
Li-Al  alloys  after  D, 

initial  forming  half  6 1.9  a/o 

cycle.  (a/o  iii)  /6t>'  prase 


.o'  —  ■«  y,  ■*  q  ~  ^ 


ut.icroequivaa.ents ; 


ty  used  for 


c n 3. 0  r.a^i  cvcis 
( mcroecuivaients ) 


l-CO 


of  discharge  depth, 
i.e.,  200  nicroeuiva- 
ler.ts  divided  by 
initial  forming  charge 
site 


Total  amount  cf 
charge  in 
(microequivalents ) 


charge  out 
(microequivalents ) 


17S13  1C9^5 


12438 


ro“a_L  ancun  ^  o i 
charge  out  divided  by 
total  amount  of  65.3 3/» 

charge  in  times  100^5 


-  n  0  nuir.  3  6  it  01  lUi*. 


5o-rO 


<-N  /-)  z-' ■-*  /  •  O  /"f 


‘  -,01  O 


5115  L?9o 


50 .  OO/C 


:yc^es 


* : The  Li-Al  electrode  could  not  charge  out  200 
micro equivalents  in  the  oOth  discharge  half  cycle, 


During  cycling,  the  aluminum  structure  broke  down  to  grains 
which  lost  electrical  contact  to  other  grains.  A  white  precipitate 
was  found  on  the  surface  where  the  aluminum  foil  had  been.  According 
to  tne  results  of  chenical  analysis  and  AA  spectropholometer  measurements, 
the  white  precipitate  is  aluminum  oxide.  The  reaction  is 

A1  +  LiCIO,  -v  Al-O,  +  Li  Cl 
3  2  u 

An  A1 2O3  film  formed  on  the  surface  of  the  aluminum  electrode.  During 
charging,  the  volume  of  the  electrode  expanded  to  expose  more  fresh 
aluminum  surface,  more  Al 0O3  formed  and  lithium  corrosion  rates  increased 
and  more  Li,0  and  LiCl  formed  tending  to  isolate  Al  particles.  Once 
the  Li  corroded  out  of  an  isolated  particle,  the  cathodic  protection 
of  the  lithium  was  lost  and  there  was  nothing  to  prevent  L i C 1 O3  attack 
on  the  Al .  Apparently  A 1 £0 3  is  very  insoluble  in  L i C 1 03 .  Thus,  the 
aluminum  can  not  be  replated. 

Lithium  in  a  L i -Al  electrode  could  be  corroded  by  molten  L 1 C 1 0 3 . 
This  was  indicated  by  the  open  circuit  potential  rise  during  hot  stand 
of  the  L i -AT  electrode  in  molten  LiClOj.  The  corrosion  rate  decreased 
with  time  because  a  lithium  passive  film,  LiCl  and/or  L^O,  was  forming 
on  the  alloy  surface  and  providing  partial  protection. 

Polarization  experiments  using  a  rotating  disk  were  conducted 
to  investigate  the  electrochemical  behavior  of  a  lithium-aluminum 
electrode.  The  result,  shown  in  Fig.  7,  indicates  that  the  lithium 
deposition  is  the  reaction  on  the  cathodic  polarization  curve.  The 
anodic  polarization  curve  is  more  complicated.  The  first  plateau 
is  associated  with  the  lithium  discharge  reaction.  At  the  potential 
of  1.0  V,  the  lithium  passivated  and  current  dropped  from  35  mA  to 
0.2  mA.  Aluminum  dissolution  took  place  at  the  potential  of  1.4  V, 
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curves 


which  is  the  second  discharge  plateau.  The  third  plateau,  3.5  V, 
is  oxygen  e/olution  (1). 


Figure  3  shows  a  cyclic  vo 1 1 arm o gram  on  a  rotating  Li-Al  electrode 
in  LiClO^  electrolyte.  Tne  first  oxidation  peak,  0.60  V,  snows  lithium 
dissolution  and  corresponds  to  the  reduction  peak,  0.20  V,  which  shows 
lithium  plating.  The  second  oxidation  peak,  1.90  V,  shows  aluminum 
dissolution,  and  a  smaller  cathodic  peak,  1.45  V,  on  the  return  sweep 
with  the  rotating  electrode  indicates  that  the  oxidation  product, 
assumed  to  be  Al+++  (dissolved),  is  swept  away  into  the  solution  (7). 
The  small  cathodic  peak  is  the  only  evidence  found  to  show  that  A1 
could  be  deposited  on  the  Li-Al  electrodes. 

In  order  to  measure  the  diffusion  coefficient  of  lithium  in 


Li-Al  alloy,  a  potenti  os  tati  c  pulse  method  was  used. 


2nd  law; 


From  Pick's 


shown  below  is  derived  the  classic  equation 


1  ■  a*f  C0  <f)‘‘  (tf’’ 

where  CQ  is  the  concentration  of  lithium  in  the  alloy.  The  value 
of  CQ  was  established  by  charging  Li  into  a  pure  A1  disk.  When  the 
potential  versus  a  lithium  reference  electrode  was  35CmV,  cnarging 
was  stopped  and  the  Li  in  A1  concentration  assumed  to  be  10  a/o  (0.0077 
mol/cm^)  based  on  the  potential  composition  curve  shown  in  Figure 
3.  Immediately  after  charging,  the  potential  was  potenti ostatically 
set  to  insure  anodic  limiting  current  dissolution  of  the  Li  from  the 
alloy  but  not  sufficiently  anodic  to  allow  aluminum  dissolution.  The 
resulting  electrical  current  was  observed  as  a  function  of  tine.  A 


plot  of  tne  current  versus  one  over  the  square  root  of  time  yielded 
a  straight  line  with  slope  0.041  C/s^  From  this  slope,  tne 

value  for  the  diffusion  coefficient  of  Li  in  A 1  at  145°C  is  2  x  10“ 
°  cm^/s,  in  reasonable  agreement  with  other  observations  (3,9). 

Conclusi ons 

Lithium  dendrites  occurring  during  charging  on  the  lithium 
negative  electrode  in  molten  L i C 1 0 ^  near  140°C  can  be  stopped  by  using 
a  lithium-aluminum  alloy  electrode.  But  the  limited  "life"  of  the 
alloy  electrode  due  to  the  involvement  of  the  aluminum  of  the  alloy 
electrode  in  the  cell  reaction  restrict  use  of  the  lithium-aluminum 
alloy  electrode  as  a  stable  and  reversible  negative  electrode  in  lithium 
chlorate.  The  corrosion  mechanism  of  A1  appears  to  be  isolation  of 
Li  -  A 1  alloy  grains  followed  by  Li  corrosion  and  then  corrosion  of 
the  A1  grains  by  L i C 1 0 3 .  A  way  to  control  aluminum  corrosion  is  needed. 
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f  Fig.  21  of  reference  6  shows  a  slope  of  0.00714  C/s  ’  .  An  error  was 
fougdrin  the  data  reduction  in  preparing  Fig.  21  of  reference  6;  0.C41 
C/su,:i  is  the  correct  value. 
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